SCF E3 ubiquitin ligases mediate ubiquitination and proteasome-dependent degradation of phosphorylated substrates. We identi®ed a human F-box/WD40 repeats protein (HOS), which is homologous to Slimb/hbTrCP. Being a part of SCF complex with Skp1 and Cullin1, HOS speci®cally interacted with the phosphorylated IkB and b-catenin, targeting these proteins for proteasomedependent degradation in vivo. This targeting required Cullin1 as expression of a mutant Cullin1 abrogated the degradation of IkB and of b-catenin. Mutant HOS which lacks the F-box blocked TNFa-induced degradation of IkB as well as GSK3b-mediated degradation of b-catenin. This mutant also inhibited NF-kB transactivation and increased the b-catenin-dependent transcription activity of Tcf. These results demonstrate that SCF HOS E3 ubiquitin ligase regulate both NF-kB and b-catenin signaling pathways.
Introduction
Recognition of substrates for ubiquitination by E3 ubiquitin ligases is a key step in the control of protein stability. F-box proteins have been shown to play a role in targeting the substrates for ubiquitination (Bai et al., 1996) . These proteins recognize speci®cally phosphorylated substrates and recruit them to an E3 ubiquitin ligase SCF (Skp1-Cdc53-F-box protein; reviewed in Krek, 1998; Elledge and Harper, 1998; Patton et al., 1998b) . A number of yeast substrates (Sic1, Far1, Cln2) are ubiquitinated upon association with Skp1-Cdc53 complex through a variety of F-box proteins (Patton et al., 1998b) . The latter interact with Skp1 via the F-box.. The other protein-protein interaction domains, such as leucine-rich repeats (Kobe and Deisenhofer, 1995) and WD40 repeats (Neer et al., 1994) are thought to mediate the binding of an F-box protein to a phosphorylated substrate.
The role of F-box proteins in the ubiquitination of mammalian proteins is less clear. Speci®c phosphorylation mediates ubiquitination and degradation of the NF-kB inhibitor IkB (Thanos and  Stancovski and Baltimore, 1997) and b-catenin (Aberle et al., 1997; Orford et al., 1997) . Although IkB is phosphorylated by IkB kinase (IKK) in response to various extracellular stimuli (Regnier et al., 1997; DiDonato et al., 1997) and phosphorylation of bcatenin is mediated by constitutively active glycogen synthase kinase 3b (GSK3b; Hart et al., 1998) , their phosphoacceptor sites exhibit striking similarity (Aberle et al., 1997; Orford et al., 1997) . The recent ®ndings that the loss of function of the F-box/WD40 repeats protein Slimb led to accumulation of Armadillo (homolog of mammalian b-catenin) in Drosophila cells (Jiang and Struhl, 1998) prompted us to explore the role of human Slimb homologous proteins in regulating the IkB and b-catenin degradation.
Results

A human Slimb homolog, HOS, encodes an F-box/WD40 repeats-containing protein
A blast search using the entire slimb sequence identi®ed the recently cloned homologous cDNA (KIAA0696, GenBank accession No. AB014596, Ishikawa et al., 1998) which encodes F-box/WD40 repeats homologous to Slimb (HOS) protein (Figure 1 ). This protein also exhibits high homology to the recently isolated hbTrCP protein, which was shown to mediate ubiquitin/ proteasome-dependent degradation of CD4 (Margottin et al., 1998) . Recent studies also implicated the role of hbTrCP in the IkB ubiquitination (Yaron et al., 1998) . Although HOS and hbTrCP dier in their amino terminal sequences, the primary structure of Fbox-and WD40 repeats-containing regions of HOS is largely identical to those of hbTrCP. This suggests that HOS and hbTrCP belong to a family of human F-box/ WD40 repeats proteins.
HOS targets phosphorylation-dependent degradation of IkB
We isolated a splicing variant of HOS from the human embryo lung cell-derived cDNA library (Figure 1 ; see Materials and methods). In vitro translated HOS exhibited ecient binding to wild type GST-IkB phosphorylated by IKK (Figure 2a, lane 3) . Much weaker interaction was detected between HOS and non-phosphorylated GST-IkB (lane 2) or the phosphorylation-de®cient GST-IkB S32,36A mutant (lane 4). A HOS mutant lacking F-box was also capable of association with phosphorylated GST-IkB (lanes 6 ± 8). This ®nding suggests that the F-box of HOS is dispensable for the recognition of phosphorylated IkB.
To con®rm our in vitro ®ndings we investigated whether the endogenous IkB can be co-immunoprecipitated with HOS. Indeed, IkB was found in the HOS immunoprecipitates from extracts prepared from proteasome inhibitor-treated HeLa cells (Figure 2b) . Our data thus demonstrate that HOS is capable of associating with IkB both in vitro and in vivo. Interestingly, HOS was detectable only in the proteasome inhibitor-treated cells (Figure 2b ). This result implies that HOS itself may be a substrate for the ubiquitin/proteasome pathway. Analogously, the yeast F-box proteins were recently shown to undergo proteasome-dependent degradation (Zhou and Howley, 1998) .
To investigate the eect of HOS on IkB degradation we co-transfected 293T cells with IkB and HOS constructs. Co-expression of HOS resulted in considerable decrease in the level of Flag-IkBa (Figure 2c, To con®rm that HOS mediates IkB degradation in an IKK-dependent manner rather than by targeting the PEST-rich regions at the C-terminal domain of IkB, we Figure 1 Comparison of open reading frames of HOS, bhTrCP and Slimb. Homologous regions of two or more consecutive residues are boxed. The large box with the thick boundaries marks the F-box region. Seven WD40 repeats are underlined by the thick lines and numbered. Asterisks indicate the residues which are missing in the splicing version of HOS isolated (as described in Materials and methods) and used in this study carried out a similar experiment using an IkB mutant lacking N-terminal 36 amino acids (Flag-IkB D a). As evident from the data shown in Figure 2d, Treatment of cells with in¯ammatory cytokines leads to phosphorylation and degradation of IkB (Chen et al., 1995) . We examined whether HOS is capable of regulating the stability of endogenous IkB in HeLa cells stimulated by TNFa. IkB disappeared quicker in the cells transfected with HOS cDNA. Conversely, overexpression of mutant HOS DF led to stabilization of endogenous IkB (Figure 2e ). Inhibition of IkB degradation by mutant HOS DF is expected to retain NF-kB in the cytoplasm and therefore inhibit its transcriptional output. Indeed, overexpression of HOS DF abrogated both basal and IKKb SE -induced activity of the NF-kB-driven luciferase reporter in HeLa cells (Figure 2f, left panel) . The fact that the inhibition was not observed for a p53-dependent luciferase activity (Figure 2f , right panel) rules out the possibility of a non-speci®c eect of HOS DF on luciferase readout. These data demonstrate that HOS mediates the degradation of IkB triggered by its phosphorylation in response to cytokines and therefore regulates the nuclear translocation and transcriptional activity of NF-kB.
HOS targets phosphorylation-dependent degradation of b-catenin
The motifs containing phosphoacceptor sites for IKK in IkB and for GSK3b in b-catenin are remarkably similar (Aberle et al., 1997; Orford et al., 1997) . Previous publications demonstrated that only a pool of cytoplasmic b-catenin, which is free from association with E-cadherin, is regulated by the ubiquitinproteasome pathway (Munemitsu et al., 1995) . Ubiquitination and degradation of b-catenin have been shown to require its phosphorylation by GSK3b (Aberle et al., 1997; Orford et al., 1997) . Stabilization of b-catenin may occur as a result either of mutations in its phosphoacceptor sites or of failure to recruit GSK3b because of APC mutations, or of inhibition of GSK3b activity by Wnt or PI3K/Akt signaling. Accumulation of free b-catenin results in the translocation of b-catenin into the nucleus and activation of Tcf-dependent transcription (reviewed in Willert and Nusse, 1998) .
To determine whether HOS is capable of association with b-catenin in vivo we employed a co-immunoprecipitation assay. Similar to our ®ndings with IkB, the immunoblotting analysis revealed the presence of endogenous b-catenin in the HA-immunoprecipitates from proteasome inhibitor-treated 293T cells transfected with HOS-HA construct (Figure 3a) . This result suggests that HOS can interact with b-catenin in vivo.
We next tested whether HOS regulates the degradation of b-catenin. Co-expression of HOS led to a noticeable decrease in the level of exogenously expressed b-catenin in the nuclear extracts from 293T cells (Figure 3b ). This decrease was abrogated by pretreatment of cells with proteasome inhibitor, suggesting that HOS expression led to proteasome-dependent degradation of exogenous b-catenin. Treatment of cells with LiCl, an inhibitor of endogenous GSK3b activity (Orford et al., 1997) , also blocked HOSmediated degradation of b-catenin (Figure 3b ). This ®nding implies that GSK3b activity is important for the eect of HOS on the stability of b-catenin.
To con®rm that HOS cooperates with GSK3b to mediate the degradation of b-catenin, we co-transfected 293T cells with low doses of the appropriate cDNAs. Co-expression of GSK3b with HOS (but not with HOS DF ) resulted in a noticeable decrease in the level of b-catenin (Figure 3c, lane 5) . Mutant b-catenin S33Y , which lacks one of the GSK3b phosphoacceptor sites, was much less susceptible to HOS/GSK3b-mediated degradation (Figure 3c, lanes 8 ± 10) . These data suggest that HOS targets degradation of b-catenin upon its phosphorylation by GSK3b.
We next investigated whether HOS DF mutant is capable of exhibiting a dominant negative eect on GSK3b-mediated degradation of endogenous b-catenin. Overexpression of an active mutant of GSK3b (GSK3b S9A ) led to a considerable decrease in the level of b-catenin in nuclear extracts from 293T cells which could be prevented by treatment of the cells with proteasome inhibitors (Figure 3d ). (Figure 3e ). These results suggest that the F-box is required for HOS to target degradation of phosphorylated b-catenin.
Accumulation of free b-catenin due to attenuation of its degradation leads to an increase in the interaction of b-catenin with Tcf transcription factors and, therefore, in Tcf-dependent transcription . To test the eect of HOS on Tcf transactivation we co-transfected 293T cells with the Tcf-driven luciferase reporter construct, Tcf4 and b-catenin cDNAs. Co-expression of mutant HOS DF led to a dose-dependent increase in Tcf transactivation (Figure 3f, left panel) . Conversely, transfection of HOS resulted in signi®cant inhibition of the Tcf-luciferase reporter output. Substitution of the wild type b-catenin with the b-catenin S33Y mutant led to a signi®cant increase in Tcf transactivation, which was aected neither by HOS nor by HOS DF co-expression ( Figure  3f , right panel). Taken together, these results suggest that HOS mediates GSK3b-dependent degradation of b-catenin and modulates Tcf transcriptional output.
HOS as a part of SCF complex
In yeast, the F-box proteins regulate proteasomedependent proteolysis by targeting the ubiquitination of various substrates by the SCF complex. F-box proteins serve as substrate recognition subunits, therefore, governing the speci®city of SCF-mediated ubiquitination. Skp1 is recruited via F-box-dependent binding, and Cdc53 subunit interacts with Skp1 and ubiquitin conjugating enzyme Cdc34 (Feldman et al., 1997; Skowyra et al., 1997) . Our data show that HOS also requires its F-box for targeting phosphorylationdependent degradation of IkB and b-catenin as overexpression of HOS DF blocked the proteolysis in vivo (Figures 2 and 3) . These data suggest that HOS may target degradation of IkB and b-catenin by recruiting other SCF components, therefore enabling ubiquitination of a phosphorylated substrate. To test this hypothesis, we ®rst determined whether HOS can interact with other SCF components in human cells. 293T cells were co-transfected with their respective cDNAs and the interaction between HOS and Skp1/ Cullin1 (human homolog of Cdc53, Kipreos et al., 1996; Mathias et al., 1996; Lisztwan et al., 1998; Lyapina et al., 1998; Michel and Xiong, 1998) was examined by co-immunoprecipitation. Both human Skp1 and Cullin1 could be co-immunoprecipitated with HOS, but not with mutant HOS DF lacking the F-box (Figure 4a ). This result suggests that HOS Twenty-four hours later cells were treated with MG132 (40 mM) or LiCl (50 mM; Sigma) for 5 h as indicated. Nuclear extracts were prepared as described elsewhere (Schreiber et al., 1989) A single amino acid substitution of highly conserved Arg488 by Cys disrupts Cdc53 function in yeast under non-permissive conditions (Mathias et al., 1996; Patton et al., 1998a) . To establish whether SCF HOS complex is responsible for the HOS-mediated protein degradation we introduced the analogous mutation (R449C) and 7) .
Similarly, overexpression of Cullin1 R449C has blocked the b-catenin degradation induced by overexpression of active GSK3b (Figure 4c , lane 4 vs lane 5) or by cotransfection of GSK3b with HOS (data not shown). These ®ndings suggest that Cullin1 activity is required for HOS-and phosphorylation-dependent degradation of IkB and b-catenin.
Discussion
The ability of HOS to mediate phosphorylationdependent degradation of both IkB and b-catenin indicate that, as part of the SCF HOS E3 ligase complex, HOS targets dierent substrates for SCF-mediated ubiquitination. The recognition of motifs phosphorylated by IKK on IkB and GSK3b on b-catenin is likely mediated by seven conserved WD40 repeats region, whereas the F-box serves as a docking site for Skp1 and Cullin1 recruitment. Drosophila Slimb protein, as well as Xenopus and human bTcRPs are expected to be engaged in similar protein-protein interactions. Indeed, the association between human bTcRP and Skp1 has been demonstrated in vitro and in vivo (Margottin et al., 1998) .
Considering the high homology between HOS and hbTcRP, these two proteins are likely to represent members of the human subfamily of the F-box/WD40 repeats-containing adaptors which recognize speci®c phosphorylation as a signal for ubiquitination and recruit SCF E3 ubiquitin ligase to the substrates. We cannot rule out that speci®c activity of HOS and hbTcRP toward dierent phosphorylated substrates may vary, thus determining the selectivity of ubiquitination. Alternatively, HOS and hbTcRP may preferentially function in dierent types of cells.
While this manuscript was in preparation, Yaron et al. (1998) reported that hbTcRP is associated with IkB in TNFa-treated HeLa cells. The latter study did not identify an association between hbTcRP and SCF components, and ubiquitination of IkB in vitro was supported by UBC5C and not Cdc34. HOS, although highly homologous to bTcRP, associates with Cullin1 and Skp1, thus forming SCF HOS complex, whose activity is required for IkB degradation (Figure 4) . Moreover, we demonstrate that SCF HOS also regulates the degradation of b-catenin and, therefore, is capable of controlling two dierent signaling pathways. Since NF-kB and b-catenin-dependent activities play a key R449C (1 mg) cDNAs per 60 mm plate as indicated. Twenty-four hours later the cells were harvested, and the level of b-catenin in nuclear extracts was analysed by immunoblotting role in regulating the cell proliferation and programmed cell death, alteration of HOS function is expected to have a profound eect on multiple aspects of cell life.
Materials and methods
HOS isolation and expression vectors
A blast search of available data bases was performed using MacVector program (Oxford Molecular Group). Primers (5'-CCGCGCGCAAGCTTACCATGGGAGGCGGGGCCGC-CGGGG-3' and 5'-GCCGGCGGATCCGATCTAGAGA-TGTAAGTGTATGTTCTGGAGGG-3') were design on the basis of the sequence of KIAA0696. The entire open reading frame of HOS was ampli®ed by PfuI-mediated PCR using a cDNA library from human embryonic lung cells (a gift of A Chan; Rubin et al., 1991) as a template. The PCR product was digested by HindIII and BamHI and cloned in frame with the downstream sequence encoding two HA tags into the pCDNA3 vector (Invitrogen). Dideoxy sequencing of the entire open reading frame showed that the isolated clone diers from the previously reported sequence (KIAA0696, GenBank accession No. AB014596, Ishikawa et al., 1998) in that it lacks amino-acids 25 ± 58 and, therefore, represents a spliced variant. HOS DF mutant, whose open reading frame starts from Met180, was cloned by PCR into the same vector. The IKKb, 26NF-kB-luciferase and GST-IkB expression vectors (DiDonato et al., 1997; Zandi et al., 1997) were a generous gift of M Karin. Flag-IkBa expression vectors (Brockman et al., 1995) were kindly provided by D Ballard. The expression vectors for b-catenin, Tcf4, and Tcf-driven luciferase reporter were a kind gift of K Kinzler and B Vogelstein. GSK3b expression vectors (EldarFinkelman and Krebs, 1997) were kindly provided by E Krebs. The expression vectors for Cullin1 and Skp1 were previously described (Michel and Xiong, 1998) . The R449C point mutation was introduced into Cullin1 cDNA by sitedirected mutagenesis using the Chameleon Kit (Stratagene). Positive clones were veri®ed by dideoxy sequencing.
Antibodies
Monoclonal antibodies against HA-tag and Flag-tag were purchased (HA11, BabCo and M2, Kodak, respectively). Polyclonal antibodies against Skp1 and Cullin1 were described elsewhere (Michel and Xiong, 1998) . Polyclonal antibody against IkB (Santa Cruz, sc-203) and monoclonal antibody against b-catenin (Transduction Laboratories) were purchased.
Transfections, immunoblotting and reporter assays
HeLa epithelial cells and 293T human embryo kidney cells were maintained in DMEM supplemented with 10% fetal bovine serum and antibiotics (GIBCO). Transfections were performed by the calcium precipitate method or lipofection (Lipofectamine Plus, GIBCO). Proteasome inhibitor MG132 (40 mM; Peptide International Co) was added to cell medium 5 h before harvesting. Preparation of cell lysates, immunoprecipitation and immunoblotting were performed as described elsewhere (Fuchs et al., 1998) . Loading of cell lysates on gels was normalized for protein concentration (for endogenous proteins) or for b-galactosidase activity (for expressed proteins). The luciferase assay was performed using a kit (Promega).
In vitro interactions of HOS with IkB
Constitutively active IkB kinase HA-IKK SE was expressed in 293 cells and puri®ed by immunoprecipitation. Bacterially expressed GST-IkB proteins were phosphorylated in the immunokinase reaction in the presence or absence of ATP (50 mM) and [g- 
HOS and HOS
DF were incubated with GSTIkB heads for 1 h on ice. The beads were extensively washed with kinase buer and the bound proteins were eluted in Laemmli sample buer, separated on SDS polyacrylamide gel and analysed by autoradiography.
Note added in proof
Role of p.TrCP in p-catenin degradation has been recently demonstrated (Latres et al., 1999, Oncogene, 18, 849) .
